Sepsis is a prevalent health issue that can lead to central nervous system (CNS) inflammation with long-term behavioral and cognitive alterations. Using unbiased proteomic profiling of over 100 different cytokines, we found that Lipocalin-2 (LCN2) was the most substantially elevated protein in the CNS after peripheral administration of lipopolysaccharide (LPS). To determine whether the high level of LCN2 in the CNS is protective or deleterious, we challenged Lcn2 −/− mice with peripheral LPS and determined effects on behavior and neuroinflammation. At a time corresponding to peak LCN2 induction in wild-type (WT) mice injected with LPS, Lcn2 −/− mice challenged with LPS had exacerbated levels of pro-inflammatory cytokines and exhibited significantly worsened behavioral phenotypes. To determine the extent of global inflammatory changes dependent upon LCN2, we performed an RNAseq transcriptomic analysis. Compared with WT mice injected with LPS, Lcn2 −/− mice injected with LPS had unique transcriptional profiles and significantly elevated levels of multiple pro-inflammatory molecules. Several LCN2-dependent pathways were revealed with this analysis including, cytokine and chemokine signaling, nucleotide-binding oligomerization domain-like receptor signaling and Janus kinase-signal transducer and activator of transcription signaling. These findings demonstrate that LCN2 serves as a potent protective factor in the CNS in response to systemic inflammation and may be a potential candidate for limiting sepsisrelated CNS sequelae.
INTRODUCTION
Sepsis is a life-threatening systemic host inflammatory response to infection. 1 The incidence of sepsis is on the rise and, depending on clinical criteria, can reach estimates of over 3 million new cases per year with~20-50% mortality in the United States alone. 2 Sepsis is a continuum ranging from the initial systemic inflammatory response syndrome (SIRS) that can progress to sepsis, severe sepsis, to septic shock with or without multiple organ dysfunction. 3 A generalized increase in several proinflammatory cytokines is observed during SIRS progression to septic shock. Sepsis is associated with innate immune activation and inflammatory cytokine secretion that can damage organs when expressed at high enough levels. An emerging idea in sepsis is that while activation of innate immunity is necessary to combat the pathogen, over-activation is deleterious.
Although peripheral infections typically cause sepsis, 4 ,5 alterations in central nervous system (CNS) function are evident and can result in sepsis-associated delirium or long-term dementia. 6, 7 For example, a landmark prospective study of 1194 patients found that elderly severe sepsis survivors had at 43-fold risk for subsequent cognitive impairment. 8 Bacterial infection commonly causes sepsis 4 and is modeled in animals using cecal ligation puncture or lipopolysaccharide (LPS) or bacterial injection in vivo. 9 Animal sepsis models also have CNS involvement as evidenced by increased tumor necrosis factor-α (TNFα), interleukin-1β (IL-1β), IL-6, monocyte chemoattractant protein-1, and CXCL10 (ref. 10) in the brain, increased microgliosis, and blood-brain barrier disruptions, partially mediated by pericyte detachment. 11, 12 Behavioral and cognitive alterations have also been noted following peripheral LPS challenge in rodents. 13, 14 Therefore, understanding molecules and cellular mediators that modulate the inflammatory response during sepsis is critical for preventing not only mortality but also sepsis-associated CNS sequelae.
MATERIALS AND METHODS Animals
C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) and Lcn2 −/− mice on a pure C57BL/6J background 15 were housed under standard laboratory conditions in ventilated cages on 12-h light:dark cycles in a specific pathogen-free environment. Three-to 4-month-old males and females were used. No differences in the overall effects were noted between sexes and therefore data were pooled together. For LPS studies, animals were injected with 2 μg g -1 LPS (0111:B4; Sigma, St Louis, MO, USA) intraperitoneally (i.p.). All animals were included in the study and mice were randomly assigned to be injected with saline or LPS within each cage. The numbers per group differed based on the type of assay. We utilized N = 3-4 for RNAseq, N = 3-12 depending on the type of biochemical analyses, and N = 12 per group for behavioral studies as indicated in each of the figure legends. For behavioral studies, the observer was blinded and additional bias was prevented by use of automated tracking with the AnyMaze software (Stoelting, Wood Dale, IL, USA; no scoring or subjective measures were used). The investigator was blinded until all behavioral analysis was completed. Animal protocols were reviewed and approved by Mayo Clinic Institutional Animal Care and Use Committee.
Statistics
Sample sizes were based on published literature and in-house data on variance (behavioral data, cytokine responses, RNAseq). All data were normally distributed and did not significantly differ between groups. Data were analyzed using Prism statistical software (La Jolla, CA, USA) with statistical testing methods indicated in the figure legends. All data with Po0.05 were considered significant.
RESULTS

Peripheral LPS challenge induces LCN2 expression in the CNS
To identify key mediators of CNS inflammation in the context of sepsis/SIRS-like conditions without confounds related to pathogen clearance mechanisms, we injected peripheral LPS and analyzed brain cytokine expression using proteomic profiling arrays to measure 111 different cytokines. Phosphate buffered saline perfused brains were harvested from wild-type (WT) mice injected i.p. with either 2 μg g -1 LPS or saline 24 h post challenge. Hemibrain fractions pooled from N = 2 mice per group were run on proteome profiler cytokine array membranes. Of the detectable proteins in the brain, Lipocalin-2 (LCN2) was by far the top hit of candidate LPS-induced proteins, with over a 140-fold induction (Figure 1a, Supplementary Figure 1A , and Supplementary Materials and methods).
LCNs are a diverse family of secreted, structurally related proteins that typically bind small, hydrophobic molecules and have a role in reducing bacterial outgrowth and mortality. 15, 16 To determine the kinetics of LCN2 induction after peripheral LPS challenge, WT or Lcn2 −/− mice were injected i.p. with 2 μg g -1 LPS. LCN2 protein levels were detected by both western blotting ( Figure 1b ) and enzyme-linked immunosorbent assay ( Figure 1c ) from phosphate buffered saline perfused brains. As expected, LCN2 was not detected in Lcn2 −/− mice; however, in WT mice, LCN2 was significantly elevated twofold at 2 h (mean ± s.e.m., 1270 ± 161 pg mg -1 ) and ninefold at 4 h (5537 ± 328 pg mg -1 ) compared with 0-h baseline (615 ± 169 pg mg -1 ). Notably, LCN2 levels were markedly elevated at the later time points relative to baseline with a 27-fold increase at 8 h (17 057 ± 1077 pg mg -1 ) and a 67-fold increase at 24 h (41 398 ± 4469 pg mg -1 ). A similar pattern of induction was also noted in the peripheral serum (Figure 1d ). Western blotting of cerebrospinal fluid also demonstrated the tremendous levels of LCN2 protein induced after peripheral LPS (Supplementary Figure 2) .
Increased CNS inflammation in the absence of LCN2 In the CNS, LCN2 deficiency has been associated with both increased and decreased inflammation depending on the model system. [17] [18] [19] [20] To examine the role of LCN2 in a SIRS/sepsis-like system, we assessed the impact of LCN2 on neuroinflammation following systemic LPS challenge. We found no significant difference in IL-1β levels (Figure 2a ) between LPS injected WT and Lcn2 −/− mice at any time point examined. However, at both 8 and 24 h, when LCN2 is robustly expressed, both TNFα (Figure 2b ) and IL-6 (Figure 2c ) levels were significantly elevated in Lcn2 −/− mice relative to WT controls.
Microdialysis has been utilized to examine induction of proteins circulating in the brain interstitial fluid. 21 As the brain parenchyma is bathed in interstitial fluid, we assessed TNFα and IL-6 induction after systemic LPS challenge using a microdialysis probe inserted into the hippocampal region, an important area required for learning and memory. Lcn2 −/− mice had significantly elevated levels of TNFα and IL-6 in the interstitial fluid starting at 6 h following peripheral LPS injection relative to controls, whereas before that point (that is, ⩽ 4 h post injection), we saw no alterations in neuroinflammation (Figure 2d and e).
Loss of LCN2 exacerbates behavioral deficits resulting from systemic inflammation As peripheral LPS and inflammation can impact behavior, 13, 14 we investigated whether loss of LCN2 modifies LPS-induced behavioral phenotypes. WT and Lcn2 −/− mice were examined by open field assay for activity and anxiety-like behaviors. Although other behavioral tests, such as elevated plus maze, are typically used for anxiety read outs, as we are examining behavior at specific times post LPS challenge, we selected open field assay as the readout as it yields information regarding both mobility and anxiety-like measurements. At 8 h post LPS injection, a strong LPS effect was observed in WT and Lcn2 −/− groups (Figures 3a, c, e and g, Supplementary Figure 3A ) with significant changes in activity (total distance, # of times reared) and anxiety-like behavior (time freezing, center:total distance) observed in both groups. Despite the robust LPS effect in WT mice, Lcn2 −/− mice had a significant increase in time spent freezing at 8 h compared with WT controls. Moreover, at 24 h post LPS injection, when LCN2 concentrations are increased over 60-fold from basal levels in WT mice (Figures 1b  and c) , striking behavioral differences between WT and Lcn2 −/− mice were observed (Figures 3b, d , f and h; Supplementary Figure 3B ). LPS-challenged Lcn2 −/− mice had significant and profound increases in time spent freezing and decreases in total distance traveled, rearing behavior and center:total distance parameters relative to LPS-challenged WT controls and saline injected controls (Figures 3b, d , f and h).
Loss of LCN2 does not impact gliosis observed after LPS challenge To test whether the behavioral effects observed in Lcn2
−/− mice after LPS injection were attributed to altered gliosis, we examined microglial activation by immunohistology for IBA1, a marker for microglia. IBA1 analysis revealed increased activated morphology observed with LPS, but no effect of Lcn2 genotype (Figure 4a LCN2 significantly modulates CNS responses to peripheral LPS challenge As we did not detect robust LCN2-dependent alterations in gliosis at 24 h (Figure 4 ), we hypothesized that earlier time points when LCN2 is robustly induced may be critical in determining LCN2-mediated pathways that shape the CNS response to systemic inflammation. To reveal potential LCN2 modulated pathways after peripheral LPS challenge, an RNAseq transcriptomic analysis was conducted from phosphate buffered saline perfused hemi-brain samples of WT and Lcn2 −/− mice at 8 h post LPS or saline i.p. injection (saline-WT, LPS-WT, saline-Lcn2 −/− and LPS-Lcn2 −/− ). This represents a time when LCN2 protein is highly induced in the CNS (~27-fold) and robust neuroinflammation is observed in LPSLcn2 −/− mice relative to LPS-WT mice (Figures 2b-e) . Comparisons between saline-WT and LPS-WT mice revealed that Lcn2 was the highest conserved transcript induced by LPS in the CNS by 4650-fold (Saa3 was more highly induced but is not conserved between mouse and human, Supplementary Table I) . Principal component analysis to visually display group differences across a large data set showed that transcriptomes from saline-WT and saline-Lcn2 −/− mice are fairly similar (Figure 5a ). In fact, after applying a filter of 42 for fold change and a corrected P-value of o 0.01, only one transcript, Cercam, was significantly altered by loss of LCN2 (P = 2.8E-4, fold change 2.24 for saline-WT vs saline-Lcn2 −/− mice 6 h before and 24 h post i.p. injection with 2 μg g -1 LPS using in vivo microdialysis. Levels of (d) TNFα and (e) IL-6 from ISF fractions pooled in 2-h increments were measured by cytokine bead array (mean ± s.e.m.). N = 3 per group. TNFα and IL-6 were significantly elevated in Lcn2 −/− mice compared with WT mice in the ISF after LPS injection (two-way analysis of variance (ANOVA), repeated measures, Sidak post-hoc t-test *P ⩽ 0.05, **P ⩽ 0.01, ***P ⩽ 0.001, ****P ⩽ 0.0001). Table II) . Gene ontology processes analysis also yielded many pathways involved in immunity including: defense response, response to other organisms, external biotic stimulus, cytokine responses and immune responses (Supplementary Table III) . Notably, the third top Metacore process networks altered between LPS-WT and LPSLcn2 −/− brain transcriptomes revolved around chemotaxis networks (Supplementary Table IV) . Examination of the top 20 transcripts that were robustly and significantly induced using a corrected P-value cutoff of P o 0.01, in LPS-Lcn2 −/− relative to LPS-WT mice showed that over 25% of these transcripts were chemokines (Supplementary Table V) . We have shown (Figures 2a and c) that pro-inflammatory cytokines IL-1β and IL-6 protein levels are differentially modulated with only IL-6 being significantly altered in Lcn2 −/− brain lysates at 8 h post LPS challenge. In accordance with these results, we observed that Il1b transcript was significantly elevated in both LPS-WT and LPSLcn2 −/− brain transcriptomes with~1.7-fold more in Lcn2 −/− brain but was nominally significant (corrected P-value = 0.055). However,
Il6 transcript was significantly higher in LPS-Lcn2
−/− mice compared with LPS-WT mice (Figures 5c and d) . Although a few transcripts were downregulated over twofold in LPS-Lcn2 −/− mice relative to LPS-WT mice, such as Sema3g and Slco1a4 (Figures 5e  and f and Supplementary Table VI) , we found that the majority of the chemokines detected were robustly elevated after LPS challenge in the absence of LCN2. Chemokines such as Ccl2, Cxcl2, Cxcl9, and Cxcl11 were among the top transcripts that were (Figures 5g-j) . In addition, other cytokines, such as Cxcl10 and Ccl7, were robustly induced and were in the top 20 transcripts elevated in LPS-Lcn2 Table V) . Some transcripts were uniquely upregulated in LPS-Lcn2 −/− brain tissue compared with all other groups, with some transcripts elevated by over fourfold such as Timd4, Bcl2a1d, Hamp, Lif, Psors1c2, Wfikkn1 and Osm (Supplementary Figure 4) . Several transcripts were also uniquely downregulated in LPS-Lcn2 −/− brain tissue compared with all other groups, with some transcripts decreased by 42-fold such as Ptgdr, Fmo2, Alx3 and Scarna2 (Supplementary Figure 4) .
DISCUSSION
Sepsis is a prevalent health issue with potential life-threatening consequences. In addition, a subset of sepsis survivors present with life-altering cognitive and functional impairments. 8, 22 Animal models of sepsis have demonstrated that systemic challenge can lead to CNS inflammation and behavioral and cognitive dysfunction. 13, 14, 23 Therefore, it is critical to understand how CNS abnormalities arising from systemic inflammation are regulated in order to develop future therapeutic strategies. Here, we show that LCN2 is robustly induced in the CNS following peripheral LPS challenge and acts in an anti-inflammatory manner.
LCN2 acts as an acute phase mediator in the CNS. Similar to what has been observed by Ip et al., 24 we demonstrated that LCN2 is already significantly induced in the CNS at 4 h post LPS −/− mice that met the cutoff criteria of a fold change 42-fold and a corrected P-value of o0.01 using analysis of variance (ANOVA) analysis showed transcripts that were (e-f) further downregulated such as (e) Sema 3b, (f) Slco1a4,or upregulated such as (g) Ccl2, (h) Cxcl2, (i) Cxcl9, (j) Cxcl11 by LPS in the absence of LCN2. N = 3-4 samples per group, (ANOVA), corrected P-values, *P ⩽ 0.05, **P ⩽ 0.01, ***P ⩽ 0.001, ****P ⩽ 0.0001).
injection; however, the major induction period for LCN2 protein in brain tissue occurs later with increases of over 27-fold and 67-fold by 8 and 24 h post LPS injection, respectively. In the absence of LCN2, we see marked increases in TNFα and IL-6 levels in the CNS following peripheral LPS injection. Although we cannot rule out that some LCN2 protein may passively or actively enter the CNS compartment to modulate some of the effects observed in our studies, it is likely that the bulk of the effects are due to CNSderived LCN2 given the large increases in both protein and transcript levels. However, future studies with conditional knockout mice could unequivocally address this issue. In contrast to our findings, Jang et al. 25 found that at 4 h after peripheral LPS injection, Lcn2 −/− mice had decreased brain IL-12, TNFα and IL-23 mRNA transcripts, suggesting a pro-inflammatory role for LCN2 in the CNS, possibly due to examination of transcript levels compared with our protein analysis. Notably, we observed that differences in neuroinflammation in both hemi-brain lysate and interstitial fluid were coordinated with when LCN2 is robustly induced (that is, 8 or 24 h post LPS injection) and not at earlier time points (that is, 2 or 4 h) when relatively little LCN2 protein was being produced (Figure 1 ). Similar to our CNS findings of an anti-inflammatory role for LCN2, examination of the periphery has shown elevations in TNFα and/or IL-6 in serum or peripherally derived cells from Lcn2 −/− mice and increased apoptosis in the spleen after in vivo or ex vivo LPS challenge. 26 LCN2 has also been implicated in peripheral macrophage deactivation by altering IL-10 and IL-6 levels after S. pneumoniae infection. 27 Taken together, these data demonstrate that LCN2 acts as an important modulator of both peripheral and CNS responses during systemic LPS-induced inflammation.
Sepsis has been associated with both behavioral and cognitive changes in humans. 28, 29 Importantly, sepsis survivors have been shown to have an increased risk for the development of dementia with an odds ratio as high as 3.34. 8, 22 Although loss of Lcn2 has been associated with increased anxiety, depressive-like behavior and altered cognitive function during basal states, 30 we did not observe differences in saline injected controls. However, under inflammatory conditions, LCN2 is important for minimizing both total activity and anxiety-like deficits caused by systemic LPS challenge as a model of SIRS/sepsis-like conditions (Figure 3 ). This suggests that LCN2 is an important modulator of behavioral outcomes, potentially through modulation of pro-inflammatory cytokine production, which have previously been shown to alter behavioral and/or cognitive function. 31, 32 Functionally, LCN2 has numerous biological roles including iron sequestration and homeostasis, 15, 33, 34 cell survival, [35] [36] [37] apoptosis/ cell death 34, [38] [39] [40] and macrophage deactivation. 27 Using RNAseq, we show that in the absence of immune activation or other insult, baseline differences in CNS transcriptomes are minimal between WT and Lcn2 −/− mice. This suggests that LCN2 likely has a negligible role in CNS homeostasis. However, under conditions of systemic inflammation, CNS transcriptomes are vastly altered by the presence of LCN2. Notably, numerous chemokines, including Ccl2, Cxcl2, Cxcl9 and Cxcl10 ( Figure 5 and Supplementary Table V) were highly induced in LPS-treated Lcn2 −/− relative to LPS treated WT mice. This suggests that LCN2 also functions to mitigate CNS chemokine responses following peripheral inflammation. In contrast to our results, in vitro studies have suggested that LCN2 exposure can induce Cxcl10 from primary microglia, astrocytes, neurons and an endothelial cell line. In the same study, the Cxcl10 transcript response was blunted using a cortical stab wound model in Lcn2 −/− mice. Although the differences in our results may be ascribed to differences that emerge from in vitro vs in vivo settings and different model systems, it is possible that effects of LCN2 are truly context dependent.
Although we have shown LCN2 to act in an anti-inflammatory manner on both a transcript and protein level in the context of neuroinflammation following LPS challenge, the role of LCN2 in models of CNS inflammation remains controversial. LCN2 has been shown to have opposing effects in experimental autoimmune encephalomyelitis models of neuroinflammation, 17, 18 acts in a pro-inflammatory manner during ischemia 41 and has little impact in a model of West Nile viral encephalitis despite robust induction. 19 These data suggest that the role of LCN2 in neuroinflammation may be sensitive to the inflammatory context, timing and levels of expression. Other cellular populations that can be associated with inflammation, including endothelial cells and choroid plexus, express LCN2. 42, 43 Furthermore, detection of 24p3R (Slc22a17), the LCN2 receptor, suggests that the choroid plexus may also directly respond to LCN2 and peripheral LPS challenge has been shown to modulate choroid plexus chemokine production, including CCL2, one of the candidate genes determined in our RNAseq that is impacted by LCN2. 24, 44, 45 Further work is necessary to determine if the mechanisms for LCN2 action in this context are driven by modulation of vascular or choroid plexus function. Regardless, our results indicate that high levels of LCN2 alone are not sufficient to harm the CNS. As conflicting roles in inflammation have been ascribed to LCN2 in different systems, great caution should be used when developing therapeutics centered on LCN2 modulation. Utilization of LCN2 therapy may be hindered by the surrounding disease context, which may impact whether LCN2 acts in a pro-or anti-inflammatory manner, and LCN2 therapeutics may prove to be detrimental if conditions are complicated by sepsis-like conditions arising from bacterial infections or other peripheral inflammatory states. Our results suggest that LCN2 may be a cerebrospinal fluid biomarker for sepsis and that therapeutics that target LCN2 may prevent the CNS damage and cognitive impairments that occur after sepsislike conditions.
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